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Abstract 25 
The increasing production and use of fullerene C60 nanomaterials raises concerns about 26 
environmental risks and human health. However, the materials’ behavior and fate during 27 
wastewater treatment are still unclear. We investigated the adsorption of aqueous nanoscale 28 
fullerene (nC60) on activated sludge by analysis of adsorption kinetics and equilibrium. The 29 
adsorption process closely followed the pseudo-second-order kinetics model, and the 30 
adsorption isotherm was well described by the Freundlich model. The adsorption process 31 
depended strongly on the activated sludge concentration and pH, but there was no significant 32 
effect by the temperature and low ionic strength. The dissolved organic matter in wastewater 33 
could obviously inhibit the adsorption process. At mixed liquor suspended solids 34 
concentrations of 1000 and 2000 mg/L after 1 h mixing, nC60 removal by adsorption reached 35 
47% and 74%, respectively. Thus, adsorption could play an important role in the fate of nC60 36 
during conventional biological wastewater treatment. The analysis of factors influencing the 37 
adsorption amounts indicated that the nC60 adsorption behavior on activated sludge was 38 
affected by the combined forces of the hydrophobic attraction, electrostatic repulsion and 39 
steric interaction. 40 
 41 






1. Introduction 45 
Fullerene C60 consists of 60 carbon atoms arranged in 20 hexagons and 12 pentagons and 46 
forming a hollow sphere about 1 nm in diameter [1]. Being chemically and thermally stable, 47 
an excellent electron acceptor, and a radical scavenger, and having special optical properties, 48 
it is attracting commercial and scientific interest [2]. Fullerene C60 and other carbon-based 49 
nanomaterials are the second most nanomaterials used in consumer products available in 2011 50 
[3]. Their growing production and use will inevitably result in the entry of fullerenes into the 51 
environment, raising concerns about environmental risks and human health [4–6]. 52 
The extremely low solubility (7.96 ng/L) and high hydrophobicity (log Kow 6.67) of C60 53 
molecules assumed little chance of transport into aquatic environments and consequent 54 
limited risk to humans [7]. However, recent studies showed C60 molecules can form stable 55 
nanoscale colloidal aggregates (nC60) in water with concentrations at mg/L level via solvent 56 
exchange and/or sonication treatment [8–11], as well as the environmental extended mixing 57 
[12–15]. C60 has been detected in the commercial cosmetics ranging from 0.04 to 1.1 µg/g 58 
[16] and <0.005% (w/w) [17] which suggesting the potential pathway of C60 from consumer 59 
products to the wastewater streams. Farré et al. [18] firstly reported the nC60 concentration up 60 
to ~20 µg/L in the suspended solids of the wastewater effluents. However, very few studies 61 
have examined the fate of nC60 during wastewater treatment. No biodegradation was found in 62 
either aerobic [19] or anaerobic systems [20]. Wang et al. [21] reported a high removal of 83–63 
97% for nC60 during the sequencing batch reactor wastewater treatment process. However, the 64 
information is very limited on the adsorption kinetic, equilibrium, and the factors influencing 65 
the nC60 adsorption on activated sludge which is essential to evaluate the fate, and to improve 66 
the removal of nC60 during the wastewater treatment. 67 
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The objective of this study was to investigate the behavior and mechanism of nC60 69 
adsorption on activated sludge. We investigated the adsorption kinetics and equilibrium of 70 
nC60, conducted adsorption modeling to determine the adsorption mechanism, and studied the 71 
effects of mixed liquor suspended solids (MLSS), temperature, ionic strength, pH, and 72 
wastewater dissolved organic matter (DOM) on nC60 adsorption on activated sludge.  73 
2. Materials and methods 74 
2.1 Preparation of fullerene nC60 aqueous suspension 75 
nC60 suspension was prepared according to the widely used toluene-based solvent 76 
exchange method [22–24] with minor modifications. Detailed procedure was described in our 77 
previous work [25].  78 
2.2 Sampling and sample preparation 79 
Activated sludge and three wastewater samples (primary effluent, aeration tank liquor 80 
and secondary effluent) were collected from a municipal wastewater treatment plant in Japan, 81 
which used a conventional biological wastewater treatment process with a hydraulic retention 82 
time of ~8 h, a sludge retention time of ~18 d, and an MLSS level of ~2570 mg/L. All the 83 
wastewater samples were filtered through a glass fiber filter (1.0 µm pore size; GF/B, 84 
Whatman, Germany) and adjusted to pH 7 with dilute NaOH or HCl solution. The activated 85 
sludge sample was washed in filtered primary effluent and centrifuged at 2000 g for 5 min. 86 
The pellet was washed and centrifuged twice more. After the last centrifugation, it was 87 
suspended in filtered primary effluent to an MLSS level of 6000 mg/L and stored at 4 °C. The 88 
liquid was diluted to the required MLSS level with filtered wastewater samples just before the 89 
adsorption experiments started. The activated sludge was not inactivated, because nC60 is not 90 
biodegradable [19,20,26].  91 




2.3 Adsorption kinetics and isotherm experiments 93 
For the kinetics and isotherm studies, 100-mL Erlenmeyer flasks containing 50 mL 94 
primary effluent at 1000 mg/L MLSS were agitated on a rotary shaker (125 rpm) at room 95 
temperature (25 °C). For the kinetics study, the initial nC60 concentrations were 0.100, 0.300, 96 
and 0.500 mg/L. Samples were collected at various time intervals and were centrifuged at 97 
2000 g for 5 min, and the supernatant was collected (5 mL) for nC60 quantification. For the 98 
adsorption isotherm experiments, the initial nC60 concentrations were 0.050, 0.100, 0.200, 99 
0.350, and 0.500 mg/L. From the results of the kinetics studies, we chose 12 h as the 100 
equilibrium time in the isotherm experiments. After the equilibrium time, the samples were 101 
collected and centrifuged as above. The nC60 in supernatant was extracted using toluene and 102 
then analyzed by a high-performance liquid chromatography (HPLC) system equipped with a 103 
UV/visible detector (Shimadzu, Japan), as described in Section 2.5. Reference samples 104 
without activated sludge were analyzed, so we could subtract nC60 losses such as by 105 
adsorption to glassware. Adsorption to activated sludge was calculated from the mass balance 106 





  (1) 108 
where qt is the nC60 adsorbed on the activated sludge at time t (mg/g), C(ref, t) is the nC60 109 
concentration in the aqueous phase in reference samples at time t (mg/L), C(exp, t) is that in 110 
experimental samples at time t (mg/L), and MLSS is the mixed liquor suspended solids 111 
concentration in the flask (g/L).  112 
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2.4 Factors affecting the adsorption of nC60 on activated sludge 113 
Batch experiments were conducted to study the effects of MLSS concentration, 114 
temperature, ionic strength, pH, and wastewater DOM on the nC60 adsorption on activated 115 
sludge (Table 1). Three wastewater samples (primary effluent, aeration tank liquor and 116 
secondary effluent) were used to study the DOM effect, while only primary effluent was used 117 
in all other experiments. Short contact time of 1 h was here determined to ensure approximate 118 
50% of initial nC60 left after adsorption in order to increase the sensitivity which helps obtain 119 
a better investigation of the adsorption mechanism. 120 
2.5 Quantification of nC60  121 
nC60 in supernatant was extracted by the liquid-liquid extraction method and measured 122 
by the HPLC-UV/visible system as reported [10,24] with a slight modification: specifically, 123 
NaCl was added to 5 mL of sample up to 1% by weight for nC60 destabilization, followed by 124 
3 mL of toluene as extraction solvent. The mixture was agitated at 200 rpm for 30 min on the 125 
rotary shaker. The aqueous and toluene phases were then separated by centrifugation at 1000 126 
g for 5 min, and the toluene layer was collected for analysis. C60 in the toluene was 127 
quantified by the HPLC-UV/visible system (Shimadzu, Japan). C60 was separated in a 128 
triacontyl (C30) silica-gel column (250 mm×4.6 mm i.d. packed with 5-µm particles; Nomura 129 
Chemical, Japan) by isocratic elution at a flow rate of 1 mL/min in a mobile phase of 130 
acetonitrile and toluene (65:35, v/v) at 30 °C. C60 was quantified at 332 nm. The calibration 131 
curve was obtained by spiking varying amounts of nC60 aqueous suspensions in 5 mL of 1.0-132 
µm-filtered wastewater. Preliminary results showed a recovery rate of > 90% with a very high 133 
correlation coefficient (R2 > 0.998). 134 




2.6 Other analysis 136 
The dissolved organic carbon (DOC) concentration in wastewater samples was measured 137 
with a TOC analyzer (5000A, Shimadzu, Japan). The size of nC60 and activated sludge were 138 
determined using a dynamic light scattering Zetasizer (Nano ZS, Malvern, UK) and laser 139 
diffraction size analyzer (SALD-2100, Shimadzu, Japan), respectively. The electrophoretic 140 
mobility of nC60 and activated sludge were measured with the Zetasizer and used to calculate 141 
the zeta (ζ) potential by the Smoluchowski equation [27]. For the activated sludge, the 142 
specific surface area and relative hydrophobicity were measured by the methods of the 143 
Rhodamine B adsorption [28-30] and the adherence to hexadecane hydrocarbon [31,32], 144 
respectively. The mixed liquor volatile suspended solids (MLVSS) and mixed liquor 145 
suspended solids (MLSS) of activated sludge were determined according to the standard 146 
method [33]. 147 
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3. Results and discussion 149 
3.1 Properties of nC60, activated sludge and wastewater samples 150 
The intensity-weighted size distribution (Fig. S1 (a), Supplemental data) of the nC60 151 
suspension gave a hydrodynamic diameter of 138 nm with a polydispersity index of 0.095. 152 
The ζ potential in Milli-Q water showed the nC60 suspension was negatively charged in the 153 
range of pH studied and the absolute value decreased with the decrease in pH from 11 to 1 154 
(Fig. S1 (b), Supplemental data). The activated sludge used in this study was characterized to 155 
be 139.0 µm in size, –17.0 mV (in primary effluent) in ζ potential, 74.6% in relative 156 
hydrophobicity, 11.5 m2/g MLSS in specific surface area, and 78.5% in MLVSS/MLSS. And 157 
three wastewater samples had a DOC concentration of 40.8, 5.3, and 4.1 mg/L for the primary 158 
effluent, aeration tank liquor, and secondary effluent, respectively. 159 
3.2 Time profile of nC60 adsorption on activated sludge 160 
At a lower initial nC60 concentration, the adsorption of nC60 on the activated sludge (qt) 161 
reached equilibrium sooner (Fig. 1) because of the relative abundance of adsorption sites 162 
available. At all initial concentrations tested, the adsorption reached equilibrium after 12 h, so 163 
we used 12 h as the equilibrium time in the following adsorption isotherm experiments.  164 
3.3 Adsorption kinetics 165 
To understand the mechanism of adsorption, we fitted the pseudo-first-order and pseudo-166 
second-order models to the experimental data. 167 
3.3.1 Pseudo-first-order model 168 
The linear pseudo-first-order model is given as [34]: 169 
 tqqq   1ete kln )(ln   (2) 170 
where qt (mg/g) and qe (mg/g) are the amounts of nC60 adsorbed on activated sludge at time t 171 




adsorption. The qe and k1 can be determined from the slope and intercept by plotting ln(qe−qt) 173 
versus t. 174 
3.3.2 Pseudo-second-order model 175 










  (3) 177 
where k2 (g/(mg·h)) is the rate constant of pseudo-second-order adsorption. The qe and k2 can 178 
be determined from the slope and intercept by plotting t/qt versus t. 179 
3.3.3 Model results 180 
The adsorption kinetics at different initial concentrations were fitted to Eqs.(2) and (3) 181 
(Fig. 2). The data fitted the second-order model much better than the first-order model. The 182 
model’s correlation coefficient was > 0.99 and the calculated (qe(cal)) values were very close to 183 
the observed (qe(obs)) values (Table 2). Both facts indicate that the adsorption of nC60 on 184 
activated sludge was well fit by the second-order model, indicating that nC60 adsorption on 185 
activated sludge was affected by chemical process [36,37]. The interaction between the :OH 186 
on nC60 surface [38] and the functional groups on activated sludge might contribute to this 187 
chemical adsorption by forming hydrogen bond, which are intermediate in strength between 188 
van der Waals bond and covalent bond [39]. In addition, the rate constant (k2) of the second-189 
order model decreased with increasing initial nC60 concentration, showing the adsorption rate 190 
increased at higher nC60 concentration. 191 
3.4 Adsorption isotherm 192 
There are several adsorption isotherms for fitting the adsorption process based on 193 
different adsorption mechanisms. Among these, the Langmuir and Freundlich models are 194 
widely used for modeling the adsorption on activated sludge such as estrogens [40,41], dyes 195 
[42,43], and heavy metals [44]. Therefore, both isotherms were applied in this work.  196 
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3.4.1 Langmuir model 197 
The Langmuir model assumes that the adsorption occurs on specific homogeneous sites 198 








  (4) 200 
where qm (mg/g) is the maximum adsorption capacity of nC60 on activated sludge, Ce (mg/L) 201 
is the nC60 concentration in the aqueous phase at equilibrium, and kL is the Langmuir constant 202 
(L/mg). The values of kL and qm can be determined from the intercept and slope by plotting 203 
Ce/qe versus Ce (Fig. 3a). 204 
The essential feature of the Langmuir isotherm can be expressed by the equilibrium 205 
parameter RL, which indicates the favorability of the adsorption process. The values of RL 206 
indicate the adsorption to be irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1) or 207 








  (5) 209 
where C0 is the initial nC60 concentration in the aqueous phase (mg/L). 210 
3.4.2 Freundlich model 211 
The Freundlich model expresses the adsorption process on a heterogeneous surface with 212 
different binding energies [48]. The linear form is given as: 213 
 eFe  lnn
1k ln ln Cq   (6) 214 
where kF and n are Freundlich constants. And they can be determined from the intercept and 215 
slope by plotting ln qe versus ln Ce (Fig. 3b). 216 
3.4.3 Model results 217 
The equilibrium parameter RL was < 1, indicating that the adsorption process was 218 
favorable (Table 3). In addition, the value of n in the Freundlich model lay between 1 and 10, 219 




coefficients showed that the Freundlich model better described the experimental data, 221 
implying that it is more suitable for modeling nC60 adsorption on activated sludge (Fig. 3b). 222 
This result indicated the nC60 adsorption occurred at multi-layer and on the heterogeneous 223 
surface of activated sludge [50-52]. 224 
3.5 Factors affecting the adsorption behavior of nC60 on activated sludge 225 
3.5.1 Effect of MLSS concentration 226 
The nC60 concentration in the aqueous phase decreased as the MLSS increased from 50 227 
to 4000 mg/L (Fig. 4a). The decrease in concentration can be partially attributed to the 228 
increased surface area and availability of more adsorption sites, as also seen in the adsorption 229 
of dye on activated sludge [53]. At MLSS concentrations of 1000 and 2000 mg/L, which are 230 
common in conventional activated sludge treatment, the reduction of nC60 in the aqueous 231 
phase were 47% and 74%, respectively, indicating that adsorption on activated sludge played 232 
an important role in the removal of nC60 during activated sludge process. The strong 233 
correlation between the adsorption amounts and sludge concentrations (Fig. 4a), and proved 234 
hydrophobic surface of nC60 [54] indicated the attractive hydrophobic interaction affected the 235 
nC60 adsorption on activated sludge. 236 
3.5.2 Effect of Temperature 237 
The nC60 adsorption slightly increased from 46 to 60% with increasing temperature from 238 
15 to 35 °C (Fig. 4b). However the increase was not significant according to the Analysis of 239 
Variance (p > 0.05) which indicated there was no obvious effect of temperature on the nC60 240 
adsorption.  241 
3.5.3 Effect of ionic strength 242 
At an added ionic strength of ≤10 mM—in the range of common surface waters, 243 
domestic wastewater, and groundwaters—there was no significant effect on nC60 adsorption 244 
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(Fig. 5a). However, adsorption was decreased at 50 and 500 mM, levels of some industrial 245 
wastewaters or wastewater mixed with seawater. This result is opposite to the hypothesis that 246 
an increase in ionic strength would decrease the surface charge of activated sludge and nC60 247 
and thus increase the adsorption on activated sludge. A higher ionic strength indeed decreased 248 
the negative charge of activated sludge (Fig. 6a), along with that of nC60 as reported in our 249 
previous work [55]. However, the increasing ionic strength also increased the concentration of 250 
dissolved organic carbon (DOC) in the supernatant (Fig. 6a). This result indicated that the 251 
nC60 could remain stable in solution and was prevented from adsorbing to activated sludge by 252 
coexisting DOM even with very low electrostatic repulsion at high ionic strength. And the 253 
effect of DOM on nC60 adsorption is discussed in detail in Section 3.5.5. 254 
3.5.4 Effect of pH 255 
nC60 adsorption on activated sludge was highly dependent on pH, increasing as the pH 256 
decreased (Fig. 5b). pH could affect both the adsorbate and the adsorbent through its effects 257 
on surface charge, protonation, and speciation [56,57]. The ζ potential of activated sludge in 258 
primary effluent was negative within the pH range studied, and the absolute values decreased 259 
as the pH decreased (Fig. 6b). Previous studies showed the change in ζ potential of nC60 in 260 
primary effluent as a function of pH was consistent with the activated sludge [55]. At lower 261 
pH, proton neutralization could decrease the surface charge of nC60 and activated sludge, 262 
decreasing electrostatic repulsion and consequently increasing nC60 adsorption on activated 263 
sludge. The results here indicated the role of electrostatic effect in the nC60 adsorption on 264 
activated sludge. Similar behavior was also observed on the adsorption of negative-charged 265 
perfluorooctane sulfonate [58] and anionic dye [57] on activated sludge. In addition, at pH 11, 266 
the DOC concentration obviously increased (Fig. 6b) which might enhance the stability of 267 
nC60 in water (discussed in Section 3.5.5). Therefore, both a stronger electrostatic repulsion 268 




3.5.5 Effect of wastewater DOM 270 
nC60 adsorption on activated sludge increased by ~18% in secondary effluent compared 271 
to that in primary effluent (Fig. 5c), as the DOC concentration in sludge mixture decreased 272 
from 40.1 to 11.3 mg/L (Fig. 6c). This indicated the wastewater DOM could greatly inhibit 273 
the nC60 adsorption on activated sludge. Although no difference was observed in absolute ζ 274 
potential of nC60 in three wastewater samples (Fig. S1 (c), Supplemental data), that of 275 
activated sludge was much higher in primary effluent (Fig. 6c). This might result in the 276 
decrease in nC60 adsorption on activated sludge in primary effluent by increasing the 277 
electrostatic repulsion between nC60 and activated sludge. In addition, our previous study 278 
found the wastewater DOM could greatly inhibit the nC60 aggregation in water via the steric 279 
stabilization [55]. Kiser et al. [59] recently reported the cellular matter (proteins and other 280 
soluble organics) of activated sludge greatly reduced the removal of the nanoparticles (nC60, 281 
Ag, Au, and polystyrene) from the aqueous solutions. Therefore, these results here showed 282 
the DOM in wastewater could inhibit the nC60 adsorption on activated sludge by both the 283 
electrostatic and steric effect. 284 
 285 
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4. Conclusions 287 
This study examined the adsorption of nC60 on activated sludge by adsorption kinetics, 288 
and equilibrium. Adsorption reached equilibrium after 12 h at an MLSS level of 1000 mg/L at 289 
25 °C. The process was well fit by the pseudo-second-order kinetic model and the Freundlich 290 
isotherm model.  291 
pH greatly affected the adsorption process, decreasing the adsorption of nC60 from 86% 292 
at pH 3 to 26% at pH 11. At an ionic strength of 0 to10 mM, there was no significant effect on 293 
nC60 adsorption. Adsorption was obviously inhibited by coexisting dissolved organic matter 294 
in wastewater through electrostatic and steric stabilization effect. At MLSS levels of 1000 and 295 
2000 mg/L, similar to the conditions in conventional activated sludge treatment, the 296 
adsorption reached 47% and 74%, demonstrating high removal efficiency. The analysis of 297 
factors influencing the adsorption amounts indicated that the nC60 adsorption behavior on 298 
activated sludge was affected by the combined forces of the hydrophobic attraction, 299 
electrostatic repulsion and steric interaction. 300 
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Fig. 5 – nC60 adsorption on activated sludge as a function of (a) ionic strength, (b) pH, and (c) 469 
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concentration in aqueous phase after 1-h mixture. 471 
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strength, (b) pH, and (c) wastewater DOM. 474 




List of Figure caption in Supplementary data 476 
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                (b) ζ potential of nC60 in Milli-Q water as a function of pH (T=25 °C).  478 





















25 50–4000 7 not adjusted 
1 
Temperature 15–35 1000 7 not adjusted 
Ionic strength 25 1000 7 0–500 
pH 25 1000 3–11 not adjusted 
Wastewater 
DOM PE, AT, SE 0.200 25 1000 7 not adjusted 1 
PE: primary effluent; AT: aeration tank liquor; SE: secondary effluent 
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0.100 0.074 0.225 0.030 0.641  48.310 0.072 0.998 
0.300 0.230 0.299 0.104 0.826  11.913 0.237 0.998 




 Calculated parameters of adsorption isotherm models. 
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Fig. 2 − Adsorption kinetics of nC60 on activated sludge by (a) pseudo-first-order model and 











































































































Fig. 4 − nC60 adsorption on activated sludge as a function of (a) MLSS and (b) temperature. 
C0: the initial nC60 concentration in aqueous phase; C: the nC60 concentration in aqueous 
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Fig. 5− nC60 adsorption on activated sludge as a function of (a) ionic strength, (b) pH, and (c) 
wastewater DOM. C0: the initial nC60 concentration in aqueous phase; C: the nC60 concentration 



































































Fig. 6 − ζ potential of activated sludge in wastewater and concentration of dissolved organic 
carbon (DOC) in supernatant in sludge mixture (without nC60) as a function of (a) ionic 
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